Introduction
The extensive use of antimicrobial agents in humans, animals and plants favours the emergence of micro-organisms resistant to these drugs. Despite the large number of broad-spectrum antimicrobial agents commercially available, these micro-organisms frequently develop new resistance mechanisms to escape antimicrobial action and are responsible for increasing nosocomial infections and mortality rate from these diseases.
There is a great interest in isolating antimicrobial substances from natural sources. Proteins and peptides with antimicrobial activity are naturally occurring molecules found in microbes, plants, animals and humans, which act by interfering with the microbial growth by different mechanisms (Nawrot et al. 2014; Zhang and Gallo 2016) . Lectins are natural carbohydrate-binding proteins that can mediate the identification of micro-organisms through the interaction with complex carbohydrates on microbial surfaces (Proc opio et al. 2017a) promoting host-pathogen communications, immune defence activation and cell-to-cell signalling. A growing interest has been developed for the investigation of the lectin role in the interaction between eukaryotic cells and pathogens in infectious disease development and their antimicrobial potential (Dias et al. 2015) . The antimicrobial roles of lectins include blockade of invasion and infection, inhibition of growth and germination, regulation of microbial cell adhesion and migration.
A variety of laboratory methods can evaluate the efficacy of antimicrobial lectins; the first indication of antimicrobial activity by in vitro assays allows discovery of new antimicrobial compounds and their mode of action. Antimicrobial lectins evaluated by in vivo assays may promote the preclinical evaluations to approach efficacy, safety and the best dosage (Barton et al. 2014) .
Frequently, the antimicrobial activity of lectins is related to their carbohydrate-recognition domain (CRD; Proc opio et al. 2017a). However, this review provides examples of the fact that such specific recognition and binding to microbial surface glycans is not always indicative of this biological activity. In addition, the oligomeric state of these proteins can interfere with their action against micro-organisms.
Several investigations have been carried out worldwide on the antimicrobial activity of natural compounds, including lectins (Silva et al. 2016a) . Nevertheless, studies that address the mechanism of antibacterial or antifungal action are still in a minority (Ballal and Inamdar 2018; Patin et al. 2018; Van Holle and Van Damme 2018) . The identification of these mechanisms represents an important step for the effective application of new drugs, since it will be useful to establish strategies of drug delivery, increase effectiveness of possible formulations, as well as will predict mechanisms of future and inevitable microbial resistance (Pichl et al. 2016) .
Microbial cells use a quorum-sensing (QS) process as an intercellular communication system which enables collectively to adjust behaviour in response to a variety of mechanisms, like density and species diversity (Papenfort and Bassler 2016) . Anti-QS mechanisms interfere with gene expression that renders pathogenic microbial avirulent (Silva et al. 2016a) . Animal and plant lectins have already been tested against a variety of pathogenic microbial cells and showed the capacity to disrupt QS signal transduction and interfering with nonessential functions for cell viability (Klein et al. 2015; Jayanthi et al. 2017) .
Antimicrobial lectins
Lectins contain at least one noncatalytic site for specific and reversible binding to free monosaccharides, oligosaccharides or glycoconjugates. These proteins are widely distributed in nature and have been isolated from microorganisms, plants and animals . The carbohydrate-binding properties of lectins are involved in the interactions with eukaryotic cells and pathogens, playing important roles in the immunological defence against pathogens, blocking of viral infections and inhibition of microbial cell adhesion and migration (Chatterjee et al. 2015; Iordache et al. 2015) .
Antimicrobial effects
Several lectins from natural sources can bind glycans on envelope glycoproteins from viruses ( Fig. 1) playing an important role in the prevention of transmission and penetration into host cells (Barton et al. 2014; Akkouh et al. 2015) . Cyanovirin-N (CV-N) is a cyanobacterial lectin from Nostoc ellipsosporum considered to be a broad-spectrum virucidal agent against enveloped viruses, such as HIV and ebola virus, through the binding to N-linked high-mannose glycans on the viral envelope (Barrientos and Gronenborn 2005) .
Microvirin (MVN) is a mannose-specific lectin from the cyanobacterium Microcystis aeruginosa PCC7806 able to inhibit the HIV-1 infection, the syncyntium formation between infected and uninfected CD 4 T cells, and the HIV-1 transmission (Huskens et al. 2010) . Scytovirin (SVN) is another cyanobacterial lectin from Scytonema varium that binds with high affinity to mannose residues on the envelope glycoproteins of viruses and inhibits the virus replication, as observed with the Zaire Ebola virus (Garrison et al. 2014) . SVN and a red alga-derived lectin called griffithsin (GRFT) also demonstrated in vitro activity against genotypes I and II hepatitis C virus through the binding to the envelope glycoproteins E1 and E2, blocking the viral penetration in human hepatocytes (Takebe et al. 2013) . GRFT is also distinguished by its broad-spectrum antiviral activity against HIV-1, HIV-2 and Ebola virus (Barton et al. 2014; Lusvarghi and Bewley 2016) . Another high mannose-binding lectin (MBL) from the red alga Eucheuma serra (ESA-2), that exhibited anti-HIV activity, also showed a potent inhibition on influenza A virus (H1N1) infection with an EC 50 of 12Á4 nmol l À1 (Sato et al. 2015) .
A jacalin-related lectin isolated from the fruit of bananas (Musa acuminate) named BanLec recognizes highmannose glycans found on viral envelopes such as HIV-1, resulting in the inhibition of the viral entry into the cell at picomolar concentrations (Swanson et al. 2010) . Other mannose-binding plant lectins from the rhizomes of Aspidistra elatior (AEL) showed significant in vitro inhibitory activity against the vesicular stomatitis virus, Coxsackie virus B4 and respiratory syncytial virus (Xu et al. 2015) .
CvL is a b-galactose-specific lectin isolated from the marine worm Chaetopterus variopedatus that demonstrated anti-HIV-1 activity in vitro through the inhibition of the production of viral p24 antigen and the cytopathic effect induced by HIV-1, blocking the HIV-1 entry into host cells (Wang et al. 2006) . Animal lectins binding to viral envelope can also induce the activation of host innate immune response for elimination of the virus. C-type lectins (CTLs), found in animals, are pattern recognition receptors that recognize and bind glycans present in viral envelope and activate host immune responses, including phagocytosis, antigen presentation and T-cell activation (Monteiro and Lepenies 2017) .
Lectins have exhibited antibacterial and antifungal activity against Gram-negative, Gram-positive bacteria and fungi, through the interaction with peptidoglycans, polysaccharides, lipopolysaccharides (LPSs), teichoic and teichuronic acids (Fig. 1 ) on bacterial and fungal cell wall (Iordache et al. 2015) .
Antimicrobial activities
The cyanobacterial lectin showed antifungal activity against pathogenic cryptococci Cryptococcus neoformans var. neoformans and Cryptococcus gattii, inhibiting cell growth by binding to the cell wall (Jones et al. 2017) . Lectins present in extracts from the fungal species Penicillium corylophilum, Penicillium expansum and Penicillium purpurogenum exhibited antifungal activity against Aspergillus niger, Candida albicans and Saccharomyces cerevisiae. The lectins also demonstrated antibacterial activity, inhibiting the growth of Escherichia coli, Staphylococcus aureus and Bacillus cereus (Singh et al. 2013) .
A fungal lectin from fruiting bodies of the mushroom Sparassis latifolia demonstrated antibacterial activity against E. coli and resistant strains of S. aureus and Pseudomonas aeruginosa, and antifungal activity on Candida and Fusarium species (Chandrasekaran et al. 2016) .
A chitin-binding lectin isolated from a Bangladeshi cultivar of potato (Solanum tuberosum L.) showed antibacterial activity in Listeria monocytogenes, E. coli, Salmonella enteritidis and Shiguella boydii, and prevented biofilm formation by P. aeruginosa. The lectin was also active against fungi Rhizopus spp., Penicillium spp. and A. niger (Hasan et al. 2014) .
Apuleia leiocarpa seed lectin (ApulSL) demonstrated bacteriostatic effects on the Gram-positive bacteria S. aureus, Streptococcus pyogenes, Enterococcus faecalis, Micrococcus luteus, Bacillus subtilis and B. cereus, and on the Gram-negative bacteria Xanthomonas campestris, Klebsiella pneumoniae, E. coli, P. aeruginosa and S. enteritidis. ApulSL was also bactericidal against three varieties of X. campestris (Carvalho et al. 2015) . A galactose-specific lectin from the leguminous Bauhinia monandra secondary roots (BmoRoL) showed antifungal activity on phytopathogenic species of Fusarium, with highest effect against Fusarium solani . Helja is a jacalin-related, mannose-specific lectin obtained from sunflower seedlings that can agglutinate S. cerevisiae cells, and inhibited the pathogenic Candida tropicalis and Pichia genera growth (Regente et al. 2014) . A CTL from pacific white shrimp Litopenaeus vannamei called LvCTL3 showed an immune activation role in shrimp to bacterial and virus infections against Vibrio parahaemolyticus and white spot syndrome virus (Li et al. 2014) . Other study reports the disruption of staphylococcal biofilms by CTL from Bothrops jararacussu venom, as well as the inhibition of biofilm formation of S. aureus, Staphylococcus hyicus, Staphylococcus chromogenes, Streptococcus agalactiae and E. coli (Klein et al. 2015) . B-type mannose-specific lectins from the fish Cynoglossus semilaevis can reduce the survival rate in vitro of Vibrio harveyi and reduced bacterial recoveries in the spleen and kidney (Sun et al. 2016) .
Lectins can recognize cell surface glycoconjugates of protozoa ( Fig. 1) and play an important role in the impairing and damaging micro-organism and immune defence activation of the host cell. The mannose-specific lectin from Cratylia mollis seeds named Cramoll 1,4 induced the agglutination and inhibition of Trypanossoma cruzi epimastigostes in vitro (Fernandes et al. 2010) . In addition, Cramoll 1,4 stimulated plasma membrane permeabilization with Ca 2+ influx and mitochondrial accumulation, as well as the mitochondrial production of reactive oxygen species (ROS), carrying out a species impairing respiration and epimastigote death by necrosis (Fernandes et al. 2010 (Fernandes et al. , 2014 .
Phaseolus vulgaris (kidney bean) lectin demonstrated a high toxic effect on the trophozoites of the sexually transmitted parasitic protozoa Trichomonas vaginalis (Aminou et al. 2016) . N-acetylglucosamine-specific lectin from Urtica dioica (UDA) showed a reducing effect on Trypanosoma brucei infectivity (Castillo-Acosta et al. 2015) . UDA induces changes in the glycan composition on the cell surface, and interacts with these glycans, impairing endocytosis and cytokinesis, promoting the parasite lysis and reducing the infectivity in vivo (Castillo-Acosta et al. 2015) .
C-type lectin from Bothrops pauloensis snake venom (BpLec) showed antiparasitic effect on Toxoplasma gondii. BpLec reduced the adhesion and replication of T. gondii tachyzoite in vitro and increased the production of IL-6 and macrophage migration inhibitory factor by infected HeLa cells previously treated with BpLec (Castanheira et al. 2015) .
In vitro and in vivo antimicrobial evaluation of lectins
The antimicrobial activity has been evaluated by in vitro and in vivo assays and new methodologies have been used to determine the mode of interaction of lectins with micro-organisms and to study their different antimicrobial effects and future applications ( Table 1 ). The first indication of antibacterial and antifungal activity is shown by measuring the inhibition zone in agar medium. Agar disc diffusion provides qualitative results and advantages, such as simplicity, low cost, the ability to test enormous numbers of micro-organisms and antimicrobial agents (Velayutham et al. 2017) . Moreover, it is impossible to quantify the amount of the antimicrobial agents diffused into the agar medium and distinguish bactericidal and bacteriostatic effects.
The ability of lectins to mediate cross-linking interactions with carbohydrates present on the membrane of micro-organisms is confirmed by agglutination assays (Velayutham et al. 2017) . The inhibition of this property by free carbohydrates or by a chelant agent specify the mode of this interaction (de Albuquerque et al. 2014a) . Fungi can also be agglutinated by lectins and this property can be inhibited by carbohydrate (Regente et al. 2014) . Nowadays, different methodologies are being used to study lectin-micro-organism interaction, such as confocal image, flow cytometry, circular dichroism, colorimetric, fluorescence and western blotting have been also used to study and confirm this interaction (Chikalovets et al. 2015; Zhou and Sun 2015; Sun et al. 2016; Arasu et al. 2017) .
In vitro assays can be used to detect and quantify antiviral activity of lectins. In these assays, the cytotoxic ability of virus to a specific cell line is evaluated and compared when the virus is placed in the presence of the lectin. Reduction in viral cytotoxicity by 50% in the lectin presence is used to determine the 50% effective concentration of lectin (EC 50 ). Previously, it was necessary to confirm the absence of cytotoxicity of the lectin to the cell line that is employed in the antiviral test. The interaction between virus and lectin can be confirmed by inhibition with free glycoproteins (Barton et al. 2014) . The study of antiviral activity of lectins has shown that lectins can affect initial steps of virus entry into the cells, and inhibit the production of viral proteins (Barton et al. 2014) .
The recognition of membrane glycoconjugates of micro-organisms allows lectins to act as inhibitory agents of biofilm formation and growth. In vitro quantification of biofilm formation can be monitored by microtitre plate assay using crystal violet dye and spectrophotometrically measured. Water-soluble Moringa oleifera seed (1996) lectin (WSMoL) inhibited biofilm formation by Serratia marcescens and avoided adherence of Bacillus sp. cells on glass (Moura et al. 2017) . Lectin antibacterial modes of action are investigated by many approaches. Lectins can inhibit the adherence and invasion of bacteria. The lectin from sarcotesta of Punica granatum (PgTeL) reduced the adherence and invasion of Aeromonas sp., S. aureus, S. marcescens and Salmonella enterica serovar Enteritidis to human cells (Silva et al. 2016b) .
Bacterial cell permeability induced by lectins is visualized by techniques such as fluorescence, quantification of protein leakage, electron microscope and computational modelling studies (Mukherjee et al. 2014; Moura et al. 2015) . Moreover, a new mode of action has been described for antibacterial lectins. The lectin from Andrias davidianus (ADL) showed effects on the respiratory chain and energy production of bacterial cells, changing respiratory metabolism and affecting tricarboxylic acid cycle and hexose monophosphate pathway (Qu et al. 2015) .
Optical and fluorescent microscopies have been increasingly applied to evaluate the mechanism of action of antifungal lectins. By measuring the fluorescence of SYTOX green, a dye that only penetrates cells with a structurally compromised plasma membrane, it was possible to affirm that the lectin from seeds of Helianthus annuus (Helja) alters the permeability of C. tropicalis, Pichia membranifasciens and C. albicans (Regente et al. 2014) . Morphological changes promoted by lectin in fungal cells, such as the formation of pseudohyphae, reduction in hyphae formation and damage to cell walls can also be observed through optical microscopy (Regente et al. 2014; Proc opio et al. 2017b) .
Antiparasitic effects of lectins are also evaluated by in vitro assays. It can be assessed through reduction in macrophage infection and activation of immune system. Expression of cytokines can be evaluated by RT-PCR using mRNA isolated from macrophages pretreated or not with lectin and infected with protozoa (AfonsoCardoso et al. 2011). The toxic effects of lectin to protozoa have been also demonstrated by transmission eletron microscopy of the pathogen after incubation with lectins, such as the lectin from seeds of P. vulgaris that causes severe cell damage with cytoplasmic and nuclear destruction (Aminou et al. 2016) . To study the binding property of lectin to protozoa, the agglutinating activity can be performed (Moura et al. 2006) .
Some in vivo assays are employed to evaluate the antimicrobial effect of lectins and their potential to be used in future clinical trials (Table 1 ). The mouse model is commonly used to study antimicrobial activity of lectins since it reproduces different aspects of human diseases. Antibacterial lectins have been evaluated by methods, such as measuring cumulative mortality, genetic assays and bacterial recovery from a tissue of infected animals (Sun et al. 2016) .
Besides, more rarely, antifungal lectins have been evaluated by in vivo tests. By measuring body weight gain and mortality of mice treated with MBL and infected with C. albicans, it was possible to confirm that MBL increased resistance of mice to hematogenously disseminated candidiasis with potential to be a therapy to highrisk patients (Lillegard et al. 2006) . Antiviral activity of lectin can be evaluated through in vivo assays with determination of infective dose (ID 50 ); the sample dilution required to reduce luminescence by 50% in comparison to wells with no sample added. Viral titration from serum of mice infected and indirect parameters can also evidence in vivo antiviral activity such as cumulative mortality (Takebe et al. 2013; Barton et al. 2014) .
The intraperitoneal use of a lectin can study its in vivo activity against protozoa; the evaluation is performed by histology and cytokine determination. Administration of Canavalia brasiliensis lectin (ConBr) did not cure, but reduced lesions of highly susceptible mice infected by Leishmania amazonenses, with proliferation of fibroblastic cells in the lesion periphery, a discrete production of conjunctive tissue inducing lymphocytes to produce interferon-c (Barral-Netto et al. 1996).
Molecular characteristics of antimicrobial lectins
Cell surface glycans are intrinsically related with the pathogenicity of some micro-organisms. For example, a variety of glycans make up the cell wall of bacteria which in turn protects these micro-organisms from osmotic lysis; in addition, there are specific sugars expressed only in prokaryotic cells which can be considered important targets for diagnosis and drug action (Tra and Dube 2014) .
Lectins that exist as multimers generally undergo further oligomerization after their binding to microbial surface glycans. This oligomeric structure increases functional affinity and favours multivalent binding of the lectin to the micro-organism (Wesener et al. 2017) . For example, MBL is a human circulating oligomeric protein that acts as a pattern recognition molecule and is capable of recognizing sugars on pathogen surfaces (Ip et al. 2009; Carvalho et al. 2013) . MBL can be found in the serum as trimeric or tetrameric structures; it is known that the tetramer MBL has a higher maximum binding capacity and lower dissociation rate constants for carbohydrates than the trimeric form (Teillet et al. 2005; Kjaer et al. 2016) . This oligomerization of MBL also reflects in its interaction with micro-organisms, once tetrameric MBL had a higher binding to S. aureus than dimeric and trimeric MBL. The structure is composed of four monomers and is also the main oligomeric form present in complexes with MBL-associated serine proteases (Kjaer et al. 2016) .
Few antimicrobial lectins from other nonhuman sources have had their molecular structure elucidated. A lectin with broad antimicrobial spectrum purified from Crenomytilus grayanus mussel was referred as CGL and the three-dimensional structure is depicted in Fig. 2a . The most stable oligomeric form of CGL is a homodimer; each CGL monomer has three galactosebinding sites. Site 1 is composed of sequences Ser22, Ile36, His37 and Glu38; site 2 consists of Ile54, His81, Arg84, His85, Asp86 and Leu89; site 3 contains Asn74, Lys110, Ser113, Ile124, His125, Gly126 and Asp127 (Liao et al. 2016) . The CRD shape is a double-loop structure stabilized in the base by two highly conserved disulphide bridges (Gasmi et al. 2017) . Attraction between this lectin and carbohydrate on the microbial surface is represented in Fig. 2b . Lectin can bind to a carbohydrate by attractive forces including hydrogen bonds, hydrophobic and electrostatic interactions (Fern andez-Alonso et al. 2012). There are also lectins that require ions to interact with their binding sugar, such as CTLs are Ca 2+ dependent for ligand binding (Vasta et al. 2012) .
CGL showed anti-HIV activity (Luk'yanov et al. 2007 ); this lectin also has antifungal action, inhibiting the growth of Pichia pastoris fungus and antibacterial activity against Gram-negative E. coli and Gram-positive B. subtilis, Salinibacterium amurskyense and S. aureus. Interactions between CGL with bacteria and fungi were specifically inhibited by D-galactose (Kovalchuk et al. 2013; Chikalovets et al. 2015) . It was also evidenced that CGL has a high binding activity to the Gram-negative bacteria Arenibacter troitsensis and Chryseobacterium scophthalmum, but did not promote agglutination and suppression of growth (Kovalchuk et al. 2013) . Therefore, binding to the microbial surface carbohydrate by lectin is not a predictor of antimicrobial action; however, such a recognition with specificity can be useful for the diagnosis of an infection.
Other antimicrobial lectins that had their molecular structures defined were MCL and BanLec. MCL is a lectin from Mytilus californianus, which forms a dimer in solution and each monomer has three carbohydrate-binding sites. MCL has specificity for D-galactose and N-acetyl-Dgalactosamine; this lectin was able to agglutinate and inhibit the growth of Lactobacillus plantarum and E. coli (Garc ıa-Maldonado et al. 2017).
BanLec, isolated from bananas, has been shown to be a lectin with potent anti-HIV action; possibly its ability to bind the mannose structures present on the viral envelope blocks virus entry into the cell (Swanson et al. 2010) . Previous analyses showed that BanLec was a dimeric protein (Meagher et al. 2005) . However, a recent study has revealed that this lectin possesses tetrameric stoichiometry in solution, having two carbohydrate-binding sites per monomer considered independent. Unveiling of this configuration consisting of four monomers together with simultaneous binding of their sites to a single and specific high-mannose glycan, results in an enhanced avidity effect with high HIV neutralization (Hopper et al. 2017) . Therefore, elucidation of the characteristic structure of lectins can stimulate studies of molecular engineering of proteins to improve action against infections in lectinbased therapies. 
Antimicrobial mechanisms of lectin actions
It is well known that lectins can be involved in the defence of multicellular organisms, displaying an important role in innate immunity. This function is associated with the similar glycan epitopes that occur on the pathogen cell surface, which can constitute target sites for lectin interaction (Wohlschlager et al. 2014) . The role of lectins in the defence mechanisms of animals or plants may have evolved from their ability to agglutinate and immobilize cells, as well as the toxicity to micro-organisms that can result in death or growth inhibition (Gomes et al. 2013; Proc opio et al. 2017a) . The cell wall of bacteria, in fact, hinders interactions between glycoconjugates on the bacterial membrane and carbohydrate-binding proteins preventing the entry of these proteins into the cell. Therefore, the antibacterial activity against Gram-positive or Gram-negative bacteria depends on the interactions of lectin with bacterial cell wall components such as teichoic and teichuronic acids, peptidoglycans and LPSs through weak linkages such as hydrogen bonds and hydrophobic interactions (Paiva et al. 2010) .
Some lectins correlate with pore-forming activity, which causes bacterial membrane permeabilization; an interesting example is the lectin named RegIIIa, which together with other RegIII CTLs are bactericidal proteins that improve the tolerance to the intestinal microbiota by impairing the interaction of bacteria with human intestinal epithelium. Mukherjee et al. (2014) , through quantification of uptake of the membraneimpermeant fluorescent dye SYTOX green, demonstrated that this lectin binds with the membrane phospholipids, causing the death of Gram-positive bacteria by inducing the formation of a hexameric membranepermeabilizing pore. In addition, the authors observed that the lectin induces rapid efflux of the fluorescent dye carboxyfluorescein from liposomes containing acidic phospholipids, indicating that RegIIIa interactions with lipid bilayers involve electrostatic interactions between the lectin and acidic lipids in the bacterial membrane. Interestingly, the pore-forming activity of RegIIIa was inhibited by LPSs, major constituents of the outer membrane from Gram-negative bacteria, explaining why RegIIIa is only bactericidal for Gram-positive bacteria.
The RegIIIb lectin, which has its expression upregulated in response to bacterial colonization in murine intestine, is able to bind the lipid A moiety of LPS, the major component of the outer membrane of Gram-negative bacteria (Miki and Hardt 2013) . The authors showed that covering the surface-exposed lipid A by an anti-lipid A antibody in the membrane of Salmonella typhimurium results in the inhibition of bactericidal effect of RegIIIb, and concluded that the interaction between the lectin and LPS in bacterial surface is essential for antibacterial activity. Also, experiments using the DNA-intercalating fluorescent dye ethidium bromide revealed that RegIIIb indeed is able to permeabilize the outer membrane of Salm. Typhimurium. Moura et al. (2015) reported the antibacterial activity of the water-soluble lectin from seeds of M. oleifera (WSMoL) against corrosive bacteria. The treatment of S. marcescens with WSMoL resulted in the loss of wall/ membrane integrity and strong leakage of intracellular proteins in a dose-dependent way; this is another example of lectin able to alter the bacterial cell permeability.
The antifungal activity of lectins also has been well reported, and is commonly associated with the ability of these proteins to interact with N-acetylglucosamine residues in chitin from fungi cell wall, resulting in inhibitory action on the growth and development of these microorganisms. The inhibition of fungi growth can result from the binding of lectin to hyphae causing a poor absorption of nutrients, as well as by interference with spore germination process or impairment of synthesis and/or deposition of chitin in the cell wall .
Corroborating with these reports, the lectin isolated from the leaf pinnulae of Calliandra surinamensis (CasuL) was able to inhibit the growth of Candida krusei; differential interference contrast microscopy revealed that the lectin induced drastic morphological alterations, including retraction of cytoplasmic content and the presence of ruptured cells or cellular debris (Proc opio et al. 2017b ). In addition, the treatment with CasuL may impair C. krusei cell division since the authors observed several cells with incomplete budding/division. When working with the fluorochrome calcofluor, CasuL was able to bind to chitin present in the yeast wall and indicate that CasuL affected the cell wall integrity of C. krusei. This effect was attributed to the disintegration of cell wall or to the linkage between the lectin and the chitin, impairing the de novo synthesis of cellular wall during yeast development or division.
Antifungal lectins also are able to cause changes in fungal cell permeability. The lectin (Helja) from seedlings of H. annuus (sunflower) was able to alter the permeability of the plasma membranes of C. tropicalis, P. membranifasciens and C. albicans yeasts; these results were detected using SYTOX green, through fluorescence microscopy (Regente et al. 2014) . The treatment of C. tropicalis cells with the lectin Helja also resulted in the production of ROS; however, no ROS production was detected in P. membranifasciens or C. albicans after incubation with the lectin.
Microbial QS, biofilms and lectins
A quorum-sensing process comprises an interspecies or even interkingdom signalling that relies on the production, release, detection and response of secreted and diffusible signalling molecules called autoinducers or QS molecules. The production of QS molecules increases proportionally to population density (Hawver et al. 2016) .
Quorum-sensing systems have been identified in Gramnegative and Gram-positive bacteria (Hawver et al. 2016) and in fungal species (de Albuquerque et al. 2014b) . Clinically relevant micro-organisms use QS systems to regulate the expression of virulence factors, enzymes, toxins, surfactants, pigments and bioluminescent molecules (Silva et al. 2016a) .
Bacterial signal molecules comprise several range of chemical classes: Gram-negative bacteria produce small molecules which includes acyl-homoserine lactones (AHSLs), alkylquinolones, a-hydroxyketones and diffusible signalling factors (fatty acid-like compounds) (Hawver et al. 2016; Silva et al. 2016a) . Oligopeptides with diverse post-translational modifications comprise QS molecules known as auto-inducer peptides, produced by Gram-positive bacteria (Hawver et al. 2016; Silva et al. 2016a) . In fungi, alcohols and alcohol derivatives, such as farnesol and tyrosol, AHSLs, unsaturated fatty acids and peptides are some identified QS molecules (Dixon and Hall 2015) . More details on QS molecules of bacteria and fungi are described in Table 2 . Despite differences at molecular level, bacteria and fungi could interact chemically (via QS system) or physically resulting in co-aggregation within a polymicrobial biofilm (Dixon and Hall 2015) .
The microbial biofilms are the clearest examples of community behaviour depending on QS systems (Solano et al. 2014) . This sessile community organization is formed by cells and a self-produced matrix composed of extracellular polymeric substances. The biofilms present significant morphological, physiological and genetic differences from the planktonic lifestyles (Silva et al. 2016a) . Biofilms are associated with 80% of microbial infections and their high resistance to antibiotics is a significant cause of morbidity and mortality (Brackman and Coenye 2015) . Fungal-bacterial biofilms especially occurs in implant or nonbiogenic material such as indwelling catheters or respirators (Wongsuk et al. 2016) . The disruption of QS signalling can interfere with microbial pathogenicity. Nonlethal antimicrobial mechanisms, actually known as antivirulence therapies, comprise a new approach that involves the blockage of QS mechanisms and biofilm development (Dixon and Hall 2015; Silva et al. 2016a) .
Interference of biofilm development and other anti-QS mechanisms have been described for lectins; the lectin from B. jararacussu venom inhibited biofilm development by S. aureus and Staphylococcus epidermidis without affecting bacterial cell viability (Klein et al. 2015) . Preformed biofilms of S. epidermidis were also significantly disrupted by this lectin. Cavalcante et al. (2013) showed that Streptococcus mutans cells treated with Canavalia maritima lectin (ConM) had reduced expression of genes related with biofilm formation and regulation as well as drug resistance. A lectin from the haemolymph of crab Portunus pelagicus was able to reduce biofilm thickness of Citrobacter amalonatius, Proteus vulgaris, P. aeruginosa and V. parahaemolyticus in 62, 90, 75 and 88%, respectively, with disruption of biofilm architecture (Jayanthi et al. 2017) .
Use of lectins in the treatment of micro-organism infections
Delivery strategies are important concerns for the effective use of lectins (and other biological macromolecules) to treat microbial infections. Good delivery systems should prevent or minimize chemical/biological degradation and guarantee specificity regarding the site of action (Fig. 3a,b) as well as avoiding binding to serum proteins, which could lead to undesirable rapid clearance (Nordstr€ om and Malmsten 2017).
According to Nordstr€ om and Malmsten (2017), macromolecular drugs, such as proteins, can be delivered through nanoparticles composed by inorganic nanomaterials (metals, silica, clays and carbon-based materials) and polymers (polymeric particles, fibres, microgels, multilayers and conjugates). Stabilizing agents attached to nanoparticle surface may prevent chemical and biological degradation; an anchored targeting ligand can help the antimicrobial agent to reach the intended site of action (Fig. 3a,b) . In vivo studies have shown that the immunomodulatory potential of some lectins may be useful to combat microbial infections, whether or not the lectin has an antimicrobial action. The treatment of C57BL/6 mice infected with C. gattii with the lectin from C. mollis seeds, alone or in combination with fluconazole, increased the survival and reduced morbidity as well as decreased pulmonary and cerebral fungal burden; the authors attributed the results to the immunomodulatory effect of the lectin (Jand u et al. 2017) . In other work, a mannose-binding lectin from Artocarpus heterophyllus promoted a Th1 immune response balanced by IL-10 in experimental paracoccidioidomycosis in mice, leading to a reduction in the fungal burden in organs (Ruas et al. 2012) . Similarly, a MBL from Artocarpus integrifolia reduced significantly the number of Paracoccidiodes brasiliensis colony-forming units in organs of BALB/c mice and induced the release of nitric oxide, INF-a, TNF-a and IL-12 (Coltri et al. 2008) .
Lectins can be components of systems for the delivery of antimicrobial agents (Fig. 3c) . Polymeric nanoparticles conjugated with mannose-specific or fucose-specific lectins were able to selectively adhere to the surface of Helicobacter pylori and enhance the release of antimicrobial agents into the bacterial cells (Umamaheshwari and Jain 2003) . A lectin from Arachis hypogaea was linked to the surface of hepatitis-B surface antigen (HBsAg) nanoparticles enhancing their effectiveness for oral immunization (Gupta et al. 2006) . Poly(lactide-co-glycolide) nanoparticles coated with wheat germ agglutinin and carrying the antimicrobial agents rifampicin, isoniazid and pyrazinamide were administered to guinea pigs infected with Mycobacterium tuberculosis through oral/aerosol route; it was observed that the presence of the drugs in plasma increased in comparison with treatment of uncoated nanoparticles. Furthermore, the number of colony-forming units became undetectable with three doses of nebulization with lectin-coated nanoparticles while 45 doses were necessary to achieve similar result in oral treatment with free drugs (Sharma et al. 2004) .
Antibiofilm lectins may also be attached to medical device surfaces in order to prevent biofilm establishment (Fig. 3d,e) . Moura et al. (2017) demonstrated that the coating of glass surface with the water-soluble lectin isolated from M. oleifera seeds suppressed the adhesion of Bacillus sp. cells. Coating of catheter surface with lectins from human plasma inhibited adhesion of P. aeruginosa cells (Gu et al. 2001) .
Conclusions
Lectins specifically bind to certain carbohydrates, or glycoconjugates, expressed on viruses, bacteria, fungi and protozoa surfaces. Lectin-carbohydrate interaction can alter permeability of bacterial and fungal cells leading to death and/or inhibition of micro-organism growth and reproduction. Different in vitro and in vivo methodologies have evaluated the antimicrobial potential of lectins; however, in vitro assays are accessible to perform, costeffective and routinely used to screen antimicrobial lectins. The activity against micro-organisms can change in multimeric lectins according with their state of oligomerization; therefore, elucidating the structure of these proteins is of fundamental importance to potentiate their actions. Lectins can also interfere with biofilm development or mechanism of QS signalling without causing toxicity directly to bacterium or fungus. Then, antimicrobial lectins can be of use as a natural alternative to synthetic and semisynthetic drugs against micro-organisms. In addition, these proteins employed into drug delivery systems, such as encapsulated in nanoparticles, may combat a local infection; or guide delivery of a drug to a specific site.
